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The bright blue minerals cavansite and pentagonite, a calcium vanadium silicate 
Ca(V4+O)Si4O10.4H2O, have been studied by UV–Visible, Raman and infrared 
spectroscopy. Cavansite shows an open porous structure with very small micron sized 
holes. Strong UV–Visible absorption bands are observed at around 403, 614 and 789 
nm for cavansite and pentagonite. The Raman spectrum of cavansite is dominated by 
an intense band at 981 cm -1 and pentagonite by a band at 971 cm-1 attributed to the 
stretching vibrations of (SiO3)n units. Cavansite is characterised by two intense bands 
at 574 and 672 cm-1 whereas pentagonite by a single band at 651 cm-1. The Raman 
spectrum of cavansite in the hydroxyl stretching region shows bands at 3504, 3546, 
3577, 3604 and 3654 cm-1 whereas pentagonite is a single band at 3532 cm_1. These 
bands are attributed to water coordinated to calcium and vanadium. XPS studies show 
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Abstract 7 
The bright blue  minerals cavansite and pentagonite, a calcium vanadium silicate 8 
Ca(V
4+
O)Si4O10·4H2O, have been studied by UV-Visible, Raman and infrared spectroscopy. 9 
Cavansite shows an open porous structure with very small micron sized holes.  Strong UV-10 
Visible absorption bands are observed at around 403, 614 and 789 nm for cavansite and 11 
pentagonite.  12 
The Raman spectrum of cavansite is dominated by an intense band at 981 cm
-1
 and 13 
pentagonite by a band at 971 cm
-1
 attributed to the stretching vibrations of (SiO3)n units.  14 
Cavansite is characterised by two intense bands at 574 and 672 cm
-1
 whereas pentagonite by 15 
a single band at 651 cm
-1
.  The Raman spectrum of cavansite in the hydroxyl stretching 16 
region shows bands at 3504, 3546, 3577, 3604 and 3654 cm
-1
 whereas pentagonite is a single 17 
band at 3532 cm
-1
. These bands are attributed to water coordinated to calcium and vanadium.  18 
XPS studies show that bond energy of oxygen in oxides is 530eV, and in hydroxides 19 
~531.5ev and for water ~ 533.5eV.  XPS studies show a strong peak at 531.5 eV for 20 
cavansite, indicating some OH units in the structure of cavansite.   21 
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Introduction 24 
Cavansite Ca(V
4+
O)Si4O10·4H2O, the name of which is derived from its chemical 25 
composition, calcium vanadium silicate, is a deep blue hydrous calcium vanadium 26 
phyllosilicate mineral (see supplementary information for images), occurring as a secondary 27 
mineral in basaltic and andesitic rocks along with a variety of zeolite minerals [1].  Cavansite 28 
is a relatively rare mineral. It is polymorphic with the even rarer mineral, pentagonite [2].  29 
Ishida et al. [3] suggest that cavansite is a low-temperature form and pentagonite a high-30 
temperature form of the same mineral. Cavansite is a distinctive mineral and forms crystal 31 
aggregates, generally in the form of balls, up to a couple centimeters in size. Crystal 32 
aggregates consist of spherical rosettes with jutting pointed crystals. Sometimes the balls are 33 
coarse enough to allow the individual crystals to be seen. The color of cavansite is distinctive, 34 
almost always a rich, bright blue. The color is the same as its dimorph, pentagonite, but the 35 
latter is generally sharper with bladed crystals. Finally, the associated minerals are useful for 36 
identification, as cavansite is frequently found sitting atop a matrix of zeolites or 37 
apophyllites.  The color is due to the V(IV) ion, which is always blue.   38 
 39 
The mineral cavansite is orthorhombic with point group 2/m. The Cell Data for cavansite is 40 
Space Group: Pcmn with a = 9.792(2), b = 13.644(3), c = 9.629(2) and Z = 4.  Pentagonite is 41 
also orthorhombic with point group: mm2.  Cell Data for pentagonite is space group: Ccm21,  42 
a = 10.298(4), b = 13.999(7), c = 8.891(2) and Z = 4.  Cavansite and pentagonite belong to 43 
the vanadium silicate minerals which show an open porous structure with very small micron 44 
sized holes. Cavansite and pentagonite, dimorphs of Ca(VO)(Si4O10).4H2O represent novel, 45 
layered-silicate structure types. Zigzag pyroxene-like (SiO3)n chains, joined laterally into 46 
sheets parallel to the a-c plane, are present in both minerals with tetrahedral apices pointed 47 
alternately plus and minus along the b axes [2]. The lateral linkage in cavansite results in a 48 
network of 4-fold and 8-fold rings, but in pentagonite the network is entirely made up of 6-49 
fold rings [2]. The vanadyl groups VO
2+
 and Ca
2+
 ions lie in mirror planes between the 50 
silicate layers and are coordinated alternately to pairs of tetrahedral apices along the chains 51 
on opposite sides of the mirror planes. V is in square-pyramid coordination, and Ca is in 52 
seven fold coordination in both structures 53 
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Some X-ray and infrared studies of cavansite have been undertaken [4].  Prasad et al. have 54 
discussed the Raman spectrum of cavansite but not pentagonite [5].  Raman spectroscopy has 55 
proven very useful for the study of minerals [6-13].  Indeed Raman spectroscopy has proven 56 
most useful for the study of diagenetically related minerals as often occurs with minerals 57 
containing silicate groups such as cavansite and pentagonite. The objective of this research is 58 
to report the vibrational spectra of cavansite and pentagonite and to relate the spectra to the 59 
molecular structure of the minerals.  60 
 61 
Experimental 62 
Mineral 63 
The minerals used in this study were supplied by The Mineralogical Research Company. The 64 
two cavansite samples originated from (a) Wagholi Quarry, near Pune (Poonah) Maharashtra 65 
State, India and (b) Owyhee Dam, Lake Owyhee State Park, Malheur County, Oregon (TL).  66 
The pentagonite mineral came from Pune District (Poonah District), Maharashtra State, India.  67 
Details of the mineral have been published (page 118 and 636) [14]. 68 
 69 
Raman spectroscopy 70 
Crystals of cavansite or pentagonite were placed on a polished metal surface on the stage of 71 
an Olympus BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The 72 
microscope is part of a Renishaw 1000 Raman microscope system, which also includes a 73 
monochromator, a filter system and a CCD detector (1024 pixels). The Raman spectra were 74 
excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 75 
nm and collected at a nominal resolution of 2 cm
-1
 and a precision of ± 1 cm
-1
 in the range 76 
between 200 and 4000 cm
-1
. Repeated acquisitions on the crystals using the highest 77 
magnification (50x) were accumulated to improve the signal to noise ratio of the spectra. 78 
Because of the lack of signal, over 1200 scans were made. The spectra were collected over 79 
night. Low incident power was used. Raman Spectra were calibrated using the 520.5 cm
-1
 80 
line of a silicon wafer.  The Raman spectrum of at least 10 crystals was collected to ensure 81 
the consistency of the spectra.   82 
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 83 
Infrared spectroscopy 84 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 85 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 86 
obtained by the co-addition of 128 scans with a resolution of 4 cm
-1
 and a mirror velocity of 87 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.   88 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 89 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 90 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 91 
that enabled the type of fitting function to be selected and allows specific parameters to be 92 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 93 
function with the minimum number of component bands used for the fitting process. Band 94 
fitting is undertaken using the minimum number of bands required to obtain a decent fit. The 95 
Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 96 
undertaken until reproducible results were obtained with squared correlations of r
2
 greater 97 
than 0.995.  98 
Results and Discussion 99 
UV-visible spectroscopy of cavansite 100 
The minerals cavansite and pentagonite are an intense bright blue color.  The UV-Visible 101 
spectrum of cavansite and pentagonite is illustrated in Figure 1. It is noteworthy that intense 102 
absorption peaks occurs at 403 nm for cavansite and 400 nm for penatgonite. A second 103 
absorption band is observed at 614 nm for cavansite and 607 nm for penatgonite.  A further 104 
absorption maxima is observed around 788 nm. The question arises as to the origin of these 105 
colors. Cavansite contains vanadium in the tetravalent state. Vanadium in its tetravalent state 106 
invariably exists as the molecular VO(II) ion (vanadyl).  The VO(II) ion has a single d 107 
electron which gives rise to the free ion term 
2
D.  In a crystal field of octahedral symmetry, 108 
this electron occupies the lowest t2g orbital and gives rise to ground state term 
2
T2g.  When the 109 
electron absorbs energy, it is excited to the upper eg orbital and gives rise to the 
2
Eg term.  110 
Accordingly in octahedral symmetry, only one band corresponding to the transition 
2
T2g → 111 
2
E is expected. Because of the non-symmetrical alignment of the V=O bond along the 112 
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symmetry axis, the site symmetry in general is lowered to tetragonal (C4V) or rhombic (C2V).  113 
In C4V site symmetry 
2
T2g splits into 
2
B2 and 
2
E, where as 
2
Eg
 
splits into 
2
B1, 
2
A1.
  
114 
Accordingly three bands are expected.  The degeneracy of 
2
E is also removed in rhombic 115 
symmetry resulting in four bands. For VO(II) three d-d transition bands are expected for 116 
VO(II) in C4v symmetry in the range 11000 –14000, 14800 – 19000  and 20000 – 31250 cm
-1
.   117 
Raman spectroscopy of cavansite and pentagonite 118 
The crystallographic structure (symmetry) of cavansite is centrosymmetric, and that of 119 
pentagonite is non-centrosymmetric [2]. A phonon in centrosymmetric structure is active for 120 
either Raman scattering or infrared absorption, but not both. On the other hand, one phonon 121 
in non-centrosymmetric structure is active for both Raman and infrared spectroscopy.  The 122 
Raman spectra of cavansite from the two different origins and of pentagonite in the 100 to 123 
4000 cm
-1
 range are displayed in Figure 2.    The infrared spectra of cavansite from India in 124 
the 500 to 4000 cm
-1
 range are displayed in Figure 3. These spectra illustrate the relative 125 
intensities of the bands and the position of the peaks.  It is obvious that there are large 126 
sections of the spectra where no intensity is observed. Thus the spectra are subdivided into 127 
sections dependent upon the particular vibration being studied. The spectra of the two 128 
cavanistes are quite similar, but differences in intensity and peak width are found. The Raman 129 
spectra of cavansite and pentagonite in the 800 to 1400 cm
-1
 are reported in Figure 4. The 130 
infrared spectrum of cavansite in the 500 to 1300 cm
-1
 range is reported in Figure 5.  131 
 132 
The cavansite mineral is composed of pyroxene-like (SiO3)n chains.  Dowty calculated the 133 
band positions for the different ideal silicate units.  Dowty showed that the -SiO3 units had a 134 
unique band position of 980 cm
-1 
[15] (see Figures 2 and 4 of this reference).   The Raman 135 
spectrum of cavansite shows an intense sharp band at 981 cm
-1
 (sample a) and 984 cm
-1
 136 
(sample b) (Figure 4).  The Raman spectrum of pentagonite displays an intense sharp band at 137 
971 cm
-1
.  Another possible assignment of this intense sharp Raman peak is to VO5 units.   138 
The authors [16] have studied many vanadates containing minerals especially uranyl 139 
vanaadates. For the minerals carnotite, curienite, francevillite, tyuyamunite and 140 
metatyuyamunite, an intense Raman band is observed in the 965 to 985 cm
-1
 range and is 141 
attributed to the ν1 (VO3) symmetric stretching vibrations in the (V2O8) units.  This band is 142 
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split with a second component observed at around 963 cm
-1
.  Raman spectrum of pascoite is 143 
characterised by two intense bands at 991 and 965 cm
-1
. Raman bands are observed at 991, 144 
965, 958 and 905 cm
-1
 and originate from four distinct VO6 sites in the mineral structure [17, 145 
18].   146 
 147 
Raman bands of sample (a ) of significantly lower intensity are observed at 823, 842, 935, 148 
954 and  973 cm
-1
 on the lower wavenumber band of the 981 cm
-1
 band and bands at 1043, 149 
1072, 1088 and 1109 cm
-1
 on the higher wavenumber side of the 981 cm
-1
 band.  The large 150 
number of bands of low intensity creates difficult in the assignment of such a large number of 151 
bands. For sample (b), Raman bands on the lower wavenumber side of the 984 cm
-1
 peak are 152 
observed at 822, 840, 930, 952 and 968 cm
-1
. Raman bands on the higher wavenumber side of 153 
the 984 cm
-1
 peak are observed at 1017, 1040, 1073 and 1087 cm
-1
.  The Raman spectra of 154 
the two cavansite samples are similar but not exactly the same. The higher wavenumber 155 
bands (1043, 1072, 1088 and 1109 cm
-1 
sample a) and (1017, 1040, 1073 and 1087 cm
-1 
156 
sample b) are attributed to the SiO3 antisymmetric stretching vibrations. Raman bands at 823, 157 
842, 935, 954 and  973 cm
-1 
for sample 1 and  822, 840, 930, 952 and 968 cm
-1
 for sample b, 158 
are related to the vanadate stretching vibrations.  159 
 160 
Raman bands of pentagonite of lower intensity are found at 1047, 1089, 1153 and 1191 cm
-1
. 161 
The Raman spectrum of pentagonite has not been reported previously.  Prasad and Prasad 162 
reported the dehydration of natural cavansite using in situ Raman spectroscopy [5].  These 163 
researchers reported a band at around 980 cm
-1
 and showed the band was stable up to 720 K 164 
[5].  These researchers assigned this band to the symmetric stretching modes of VO5 units.  165 
However this does not seem correct as the theoretical studies of Dowty showed that the band 166 
is due to the stretching mode of SiO3 units.  167 
 168 
The infrared spectrum of cavansite shows an intense broader band centred upon 989 cm
-1 
169 
(Figure 5).  The band profile is broad and component bands may be resolved at 918, 940, 170 
961, 1010, and 1032 cm
-1
. Infrared bands on the higher wavenumber side are observed at 171 
1076 and 1117 cm
-1
.  Infrared bands on the low wavenumber side are observed at 603, 678, 172 
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699, 724, 733, 782 and 792 cm
-1
.  The band at 603 cm
-1
 is broad and is attributed to water 173 
librational modes. Dowty calculated the position of infrared bands for silicate structures and 174 
also showed measured spectra of the equivalent theoretical system.  The bands in the 678 to 175 
799 cm
-1
 are assigned to OSiO bending modes of the (SiO3)n chains.  The infrared spectra as 176 
displayed by Dowty show considerable width in the peaks. The spectral resolution is 177 
apparently better in this work. Powar and Byrappa  reported the XRD, thermal analysis and 178 
infrared spectra of cavansite [4].  These researchers attributed bands in the 600 to 800 cm
-1
 179 
region to water librational modes. In this work, the infrared bands are quite sharp and are 180 
more likely to be due to SiO3 bending modes.   181 
 182 
The Raman spectra of cavansite and pentagonite in the 300 to 800 cm
-1
 region are reported in 183 
Figure 6.  The spectra of the two cavansite samples are almost identical. Intense Raman 184 
bands are observed at 574 and 672 cm
-1
 (sample a) and 573 and 669 cm
-1
 (sample b).  The 185 
Raman spectrum of pentagonite shows an intense band at 651 cm
-1
. These bands are assigned 186 
to the OSiO bending modes. Dowty calculated the band position of these bending modes for 187 
different siloxane units [15].  Dowty demonstrated the band position of the bending modes 188 
for SiO3 units at around 650 cm
-1
. Other bands of moderate intensity are observed at 350 and 189 
437 cm
-1
 (sample a) and 336 and 427 cm
-1
 (sample b).  These bands may be attributed to 190 
metal-oxygen stretching vibrations.  Prasad and Prasad reported the Raman spectrum of 191 
cavansite as a function of temperature [5]. It is difficult to compare the spectra of these 192 
workers with this work as the peaks were not labelled and no table of peak positions was 193 
given.  Raman bands in the far low wavenumber region are shown in Figure 7.  The spectra 194 
of the two samples are very similar. Raman bands are observed at 113, 131, 194, 230, 251 195 
and 291 cm
-1
 for sample (a), and 133, 163, 194, 234, 256 and 294 cm
-1
 for sample (b). Raman 196 
bands of pentagonite are observed at 140, 206, 230, 261 and 288 cm
-1
. These bands are 197 
simply described as lattice vibrations. 198 
 199 
The Raman spectra of cavansite and pentagonite in the 2600 to 3800 cm
-1
 region are 200 
displayed in Figure 8.  Raman bands are observed at 3504, 3546, 3604 and 3654 cm
-1
 for 201 
cavansite sample (a) and 3517, 3552 and 3599 cm
-1
 for cavansite sample (b).  The Raman 202 
spectrum of pentagonite shows a broad band at 3532 cm
-1
. These bands are assigned to the 203 
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symmetric stretching vibrations of water.  These bands are due to water coordinated to the 204 
vanadium and calcium ions. Prasad and Prasad [5] reported Raman bands at 300 K at 3478, 205 
3520 and 3574 cm
-1
.  The position of these bands differs from that reported in this work.  The 206 
infrared spectrum in the 2400 to 3800 cm
-1
 region of sample (a) is shown in Figure 9.  207 
Infrared bands are observed at 3244, 3439, 3501, 3548, 3601 and 3652 cm
-1
.  Prasad and 208 
Prasad [5] tabulated infrared bands at 3186, 3247, 3504, 3552, 3606 and 3654 cm
-1
. Apart 209 
from the first band of Prasad, the values agree with the band positions reported in this work.  210 
Powar and Byrappa [4] reported infrared bands for cavansite at 3250, 3440, 3548, 3592 and 211 
3648 cm
-1
.  The position of the bands and the width of the bands in Figure 8a indicate that the 212 
OH units in the structure of the mineral cavansite. In the Raman spectrum of xonotlite, 213 
Raman bands are observed in similar positions to the bands of cavansite. Raman bands for 214 
xonotlite are observed at 3578, 3611, 3627 and 3665 cm
-1
 and these bands are attributed to 215 
the stretching vibrations of the OH units and not water stretching vibrations. The Raman 216 
spectrum of cavansite in Figure 8b looks different and the bands look more like water 217 
stretching vibrations. XPS studies show that bond energy of oxygen in oxides is 530eV, and 218 
in hydroxides ~531.5ev and for water ~ 533.5eV.  XPS studies show a strong XPS peak at 219 
531.5 eV for cavansite, thus indicating some OH units in the structure.  This would result in 220 
bands in the 3000 to 3550 cm
-1
 in the Raman spectra.  This requires further research. 221 
 222 
The Raman spectra of cavansite and pentagonite in the 1400 to 1800 cm
-1
 region is shown in 223 
Figure 10.  Raman bands are observed at 1610, 1628 and 1637 cm
-1
 for cavansite sample (a) 224 
and at 1626 and 1634 cm
-1
 for cavansite sample (b).  The Raman spectrum of pentagonite 225 
shows peaks at 1612 and 1634 cm
-1
 in this spectral region. These bands are attributed to 226 
water bending modes. The observation of three bands supports the concept of water in 227 
different hydrogen bonding environments.  228 
 229 
Prasad and Prasad [5] reported a single band at 1616 cm
-1
.  The infrared spectrum of 230 
cavansite over the 1300 to 1800 cm
-1
 region is displayed in Figure 11. Three bands are found 231 
at 1610, 1632 and 1646 cm
-1
.  These bands are attributed to water bending modes. Prasad and 232 
Prasad [5] reported infrared bands at 1610, 1635 and 1647 cm
-1
.  The results of our infrared 233 
spectrum are in good agreement with that reported by Prasad and Prasad [5].  However 234 
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considerable differences are observed in the position of bands in the Raman spectra reported 235 
in this work and that of Prasad and Prasad.  This suggests that the cavansite spectra are 236 
dependent upon the origin of the minerals.  237 
Conclusions  238 
Cavansite is a bright blue mineral based upon a calcium silicate which includes a V
4+
 ion. 239 
The mineral is related to zeolite materials and has an open porous structure with very small 240 
micron sized holes. Pentagonite is a polymorph of cavansite and has even a stronger darker 241 
blue colour.  The presence of the tetravalent vanadium ion is the reason for the colours of the 242 
mineral.  A combination of Raman and infrared spectroscopy has been used to determine 243 
details of the molecular structure of cavansite and pentagonite.  244 
 245 
The Raman spectrum of cavansite is dominated by an intense band at 981 cm
-1
 attributed to 246 
the stretching vibrations of (SiO3)n units.  Pentagonite is characterised by a band at 971 cm
-1
. 247 
Cavansite is characterised by two intense bands at 574 and 672 cm
-1
 whereas pentagonite by 248 
a band at 651 cm
-1
.  These bands are attributed to OSiO bending modes. The Raman spectrum 249 
of cavansite in the hydroxyl stretching region shows bands at 3504, 3546, 3577, 3604 and 250 
3654 cm
-1
 whereas the Raman spectrum of pentagonite is characterised by a single band at 251 
3532 cm
-1
.  These bands are attributed to stretching vibrations of water coordinated to the 252 
Ca
2+
 and V
4+
 ions. XPS studies appear to show a bond energy attributable to OH units, 253 
suggesting that hydroxyl units are involved in the structure.  254 
 255 
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List of Figures 287 
Figure 1 UV-visible  spectra of cavansite (lower spectrum) and pentagonite (upper spectrum). 288 
Figure 2 (a) Raman spectrum of cavansite from Poonah, India and (b) cavansite from Oregon 289 
over the 100 to 4000 cm
-1
 region (c) pentagonite from Poonah, India.  290 
Figure 3 Infrared spectrum of cavansite from Poonah, India over the 500 to 4000 cm
-1
 region. 291 
Figure 4 (a) Raman spectra of cavansite from Poonah, India and (b) cavansite from Oregon 292 
(c) pentagonite from Poonah, India, over the 800 to 1400 cm
-1
 region.  293 
Figure 5 Infrared spectrum of cavansite from Poonah, India over the 500 to 1300 cm
-1
 region. 294 
Figure 6 (a) Raman spectrum of cavansite from Poonah, India and (b) cavansite from Oregon 295 
(c) pentagonite from Poonah, India, over the 300 to 800 cm
-1
 region.  296 
Figure 7 (a) Raman spectrum of cavansite from Poonah, India and (b) cavansite from Oregon 297 
(c) pentagonite from Poonah, India, over the 100 to 300 cm
-1
 region.  298 
Figure 8 (a) Raman spectrum of cavansite from Poonah, India and (b) cavansite from Oregon 299 
(c) pentagonite from Poonah, India, over the 2800 to 3800 cm
-1
 region.  300 
Figure 9 Infrared spectrum of cavansite from Poonah, India over the 2600 to 3800 cm
-1
 301 
region. 302 
Figure 10 (a) Raman spectrum of cavansite from Poonah, India and (b) cavansite from 303 
Oregon (c) pentagonite from Poonah, India, over the 1400 to 1800 cm
-1
 region.  304 
Figure 11 Infrared spectrum of cavansite from Poonah, India over the 1300 to 1800 cm
-1
 305 
region. 306 
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